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Abstract Understanding the changes in number and areal

extent of lakes, as well as their abundance and size dis-

tribution is important for assessments of regional and

global water resources, biogeochemical cycles, and chan-

ges in climate. In this study, changes in lake area greater

than 1 km2 are mapped using Landsat datasets, spanning

the 1970s, 1990, 2000, and 2010. In addition, high-reso-

lution images (GeoCover Landsat mosaic 2000, with a

pixel size of 14.25 m) are used for the first time to map

lakes as small as 0.001 km2 across the entire Tibetan Pla-

teau (TP). Results show that the numbers and areal extent

of individual lakes [1 km2 in size show a slight decrease

between the 1970s and 1990, followed by a clear increase

from 1990 to 2010. Ninety-nine new lakes are identified

between the 1970s and 2010, 71 of which are found

between 1990 and 2010. This indicates the accelerated

glacier melt and/or increased difference of precipitation

minus evaporation since the 1990s. More than 80 % of the

lakes show an increase in their area between the 1970s and

2010. The lake census, using 2000 imagery, shows that

there are 32,843 lakes with a total area of 43,151.08 ±

411.49 km2, which makes up 1.4 % of the total area of the

TP. Around 96 % of all lakes are small, with an area

\1 km2, while the 1,204 large lakes ([1 km2) account for

96 % of the total lake area. The TP is subdivided into 12

greater drainage basins, and of these the inner TP domi-

nates in terms of the number of lakes (55.03 %), the total

area of lakes (66 %), and lake density (0.026/km2 com-

pared to the mean, 0.011/km2). A plot of lake abundance

against size shows that the size distribution of lakes departs

from a typical power-law distribution, but displays such a

distribution at the mean elevation (4,715 m), with an r2

value of 0.97 and a slope of -0.66. The slopes of the

abundance-size equations from each of the 12 greater

basins, and from all basins together, are larger than -1,

supporting the inference that larger lakes, rather than the

small lakes, contribute more to the total lake surface area

across the TP. The lake inventory provided in this study,

along with the assessment of lake size distribution, have

important implications for estimates of water balance, for

water resource management, and for lake area estimations

in the TP.
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1 Introduction

Lakes are known to affect regional climate, exchanging

heat and water with the atmosphere [1]. The emission of

greenhouse gasses from lakes is one of the essential com-

ponents of the global carbon cycle, also potentially regu-

lating climate change [2, 3]. Lake abundance is a metric

used to describe the number of lakes larger than or equal to

a given size [4]. The abundance and size distribution of

lakes, therefore, play a significant role in regional and

global biogeochemical cycles [5–7].
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Downing et al. [7] suggested that the actual global lake

area is twice as large as has been previously estimated, and

is dominated by lakes with an area smaller than 1 km2,

based on extrapolations from power-law size distributions.

McDonald et al. [6], however, analyzed 3.5 million lakes

and reservoirs in the United States and concluded that the

number of small lakes could be overestimated by power

laws such as the Pareto distribution. Further, Seekell and

Pace [8] found that in some regions, the power-law dis-

tribution does not apply when small-sized lakes are con-

sidered. In addition, while lakes in flat regions typically

follow a power-law size distribution, those in mountainous

regions do not [5, 9]. An analysis of global primary pro-

duction in lakes has demonstrated that power-law distri-

butions greatly overestimate lake distribution, by around

45 %, compared to non-power law distributions [10]. As

such, our motivations for this study is to address (1) the

number and areal extent of lakes across the entire Tibetan

Plateau (TP), and how these attributes have changed; and

(2) if the lakes follow a power-law distribution?

Most of the world’s lakes are thought to exist in glaci-

erized terrains [11], and the total area of glaciers on the TP

and its surrounding area is around 100,000 km2 [12, 13].

The lake areas and water levels tend to increase as climate

warms, accompanying an accelerated retreat of glaciers

and an increase in net precipitation [12, 14–24]. Under

such a scenario, new glacial lakes would appear, resulting

in thousands of small, unidentified lakes. The smaller lakes

typically dominate in terms of total number [6], and an

understanding of their extent is crucial for evaluating

regional lake characteristics and biogeochemical processes

[3, 8, 25].

Lakes on the TP are rarely influenced by human activ-

ities, and are, therefore, the representative of natural water

bodies. Several lake investigations have been carried out on

the TP [26–29]. For example, Wang and Dou [27] con-

ducted the first lake census on the TP, spanning the

1960–1980s, and reported that there are 1,091 lakes with an

area greater than 1 km2. A more detailed lake survey in

China in 2005–2006 showed that most of the 30 newly

identified lakes and many with an increase in size are

located on the TP [26, 28]. However, these two studies

have focused only on the changes in lake characteristics in

the Tibet Autonomous Region and Qinghai Province

(Fig. 1). In addition, many studies have only reported the

changing number and sizes of specific lakes or lake groups

in a particular watershed [24, 30–32], or of large lakes with

an area of [10 km2 [33]. Currently, changes in lake

characteristics across the entire TP remain unknown.

In the present study, the boundary of the TP is derived

from the Shuttle Radar Topography Mission Digital Ele-

vation Models (SRTM DEMs; Fig. 1). Within TP, lakes

larger than 1 km2 are identified in data from the 1970s,

1990, and 2010. In particular, orthorectified Landsat

Enhanced Thematic Mapper plus (ETM?) mosaics from

the GeoCover circa 2000, with a pixel size of 14.25 m,

provide an unprecedented opportunity to identify small

lakes across the TP. This study provides the first detailed

lake inventory of the TP, as well as an evaluation of the

lake size distribution in this area. These analyses further

enrich the global lake database, as well as enhance the

water balance estimations of lakes, adding to previous

studies carried out on large lakes [4, 18, 19, 33]. In addi-

tion, the results have important implications for limno-

logical analyses and climate change studies of the TP.

2 Data and methodology

2.1 SRTM DEM and outlining the TP and basins

The SRTM collected a near-global (56�S to 60�N) eleva-

tion database during an 11-d mission in February 2000

[34]. The resulting SRTM DEM with a 90-m pixel size has

been widely used to delineate watersheds and basin

boundaries, in addition to the shorelines of water bodies

such as lakes, rivers, and oceans [18, 35]. We define the

boundary of the TP using SRTM v4.1 data above the ele-

vation of 2,500 m a.s.l. (Fig. 1). The total area of the TP

based on this boundary is 3.08 9 106 km2. In addition to

this, the TP can be subdivided into some large basins, using

a suite of drainage and water flow datasets developed from

the SRTM DEM (http://hydrosheds.cr.usgs.gov/). Further-

more, the elevations of the lake’s surfaces are also

extracted from the SRTM data.

Fig. 1 Lake distribution across the TP. The boundary of TP is

extracted from SRTM DEM. The boundaries of Tibet Autonomous

Region and Qinghai Province are also shown. The background is

Landsat ETM? GeoCover mosaics circa 2000
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2.2 Landsat data and lake area extraction

Landsat imagery is among the most widely used remote

sensing data sources for the extraction of surface water

information. The Landsat GeoCover mosaics with minimal

cloud coverage (B10 %) are presently the best available

datasets for global land mapping [36]. The global ortho-

rectified and co-registered Landsat Multispectral Scanner

(MSS), Thematic Mapper (TM), and ETM? data are pro-

duced by NASA for three separate periods: the late 1970s,

circa 1990, and circa 2000 [36]. The circa 1990 and 2000

time periods comprise 85,000 Landsat TM/ETM? scenes,

which were acquired in 1990 ± 3 years and in 2000 ±

3 years. These datasets are geo-referenced using the Uni-

versal Transverse Mercator (UTM) coordinate system and

World Geodetic System 1984 (WGS1984) data. Three

Landsat TM/ETM? bands (2, 4, and 7) are sharpened with

the panchromatic band using a cubic-convolution process

[37] to provide a product with a pixel size of 28.5 m for

1990 and of 14.25 m for 2000, with a positional accuracy

of 50 m (RMSE) in GeoTIFF format. These datasets from

circa 1990 and 2000 are available from the University of

Maryland’s Global Land Cover Facility (http://glcf.umd.

edu/data/mosaic/). In this study, a total of 17 GeoCover

mosaics from circa 1990 and 2000 are used, covering the

entire TP (Table 1).

In addition, 114 scenes from the Landsat MSS in the

1970s (from 1972 to 1978), and from ETM? around

October, 2010 with the minimum cloud cover are also used

(Table 1). The Landsat MSS and ETM? have spatial res-

olutions and mean cloud coverage of 80 m and 7.2 %, and

30 m and 8.6 %, respectively. These data sets are provided

by the U.S. Geological Survey (USGS) (http://glovis.usgs.

gov/) and the Geospatial Data Cloud, Computer Network

Information Center, Chinese Academy of Sciences (http://

www.gscloud.cn).

In this study, all remote sensing data used for the

extraction of lake area are derived from Landsat data sets,

which have been widely used for surface water mapping.

The Landsat images selected for this study are from the

L1T product, which has been geometrically corrected

(http://landsathandbook.gsfc.nasa.gov/). The Landsat ETM?

has a data gap from May 31, 2003, due to a scan line

corrector failure. The gaps of Landsat ETM? data used for

this study are filled using a local linear histogram-matching

method developed by [38].

A few algorithms for automated water extraction have

been developed [39, 40]. Among these, single-band thres-

holding and spectral water indices are commonly used for

the extraction of water from visible and infrared imagery

[40, 41]. However, these methods still require manual

examination and editing after the automated water body

detection. In particular, environmental factors on the TP,

such as masses of clouds, snow and glaciers, and shadows,

can complicate the classification process. In addition, many

lakes and rivers are connected, thus it is not easy to reliably

separate them using an automated approach. As a result,

digitization through visualization with prior knowledge is

used in this study to map the lakes. Although this is a very

time-consuming process, especially over such a large

region, this method permits examination of lake boundaries

with the best quality control, while consistent throughout

the four examined imagery periods.

The original Landsat Mosaics 1990/2000 and MSS/ETM?

are referenced to a UTM projection. The false color com-

posites are used to combine the three Landsat bands (754 for

MSS and 543 for ETM? as RGB red, green, and blue) through

ENVI v4.8. The lakes within each scene image are visually

interpreted and digitized in ArcGIS, and the vector lake data

are then projected onto an Albers Conical Equal Area coor-

dinate system, and combined together. If cloud and snow

cover a lake boundary, several scenes of the same region are

used to provide an accurate depiction. The preview images

provided by the USGS Global Visualization Viewer (http://

glovis.usgs.gov/) allow rapid examination of cloud and snow

conditions before the original Landsat data are downloaded. In

order to include all lakes with an area greater than 1 km2 in the

inventories from the 1970s, 1990 and 2010, almost all lakes

visible in the images are delineated in this way.

The accuracy of the extracted lake areas may be con-

trolled by pixel size, image quality as affected by clouds,

snow and glaciers and shadow coverage, classification

algorithms, and the experience of the researcher. As such,

some studies have indicated that the lake boundary can be

identified with an error of ±0.5 pixels either side of the

shoreline [42, 43]. Using this, the area uncertainty for each

lake is estimated, allowing calculation of the uncertainties

of the total lake area in the four study periods.

Table 1 Satellite data used in this study

Data set Pixel size (m) Scene size Coverage date Number of scenes used Mean cloud coverage (%)

Landsat MSS 80 185 km 9 185 km 1970s (1972–1978) 114 7.2

GeoCover circa 1990 28.5 5o 9 6o 1990 ± 3 17 \10

GeoCover circa 2000 14.25 5o 9 6o 2000 ± 3 17 \10

Landsat ETM? 30 185 km 9 185 km October, 2010 114 8.6

3012 Chin. Sci. Bull. (2014) 59(24):3010–3021

123

http://glcf.umd.edu/data/mosaic/
http://glcf.umd.edu/data/mosaic/
http://glovis.usgs.gov/
http://glovis.usgs.gov/
http://www.gscloud.cn
http://www.gscloud.cn
http://landsathandbook.gsfc.nasa.gov/
http://glovis.usgs.gov/
http://glovis.usgs.gov/


2.3 Lake size distribution

A number of statistical conclusions can be drawn based on

the relationship between lake number and area, using both

regional and global lake data sets. All lakes on the TP,

representing divergent topography and geology, are inclu-

ded in this examination of lake size distributions. The

fractal aspect of the size distribution of lakes at the mean

elevation is measured using the following regression [4, 5]:

N ¼ cA�b; ð1Þ

where N is the number of lakes greater than area A, c is a

constant, and b is a parameter describing the logarithmic

rate of decline of lake number with increasing lake area [7].

This is similar to the Pareto distribution, which has pre-

viously been used to describe lake size-frequency distri-

butions [44]. Theoretical studies suggest that lakes

following a power-law distribution are usually constrained

by 0.5 B b B 1 (or with a slope of [-1, -0.5]) [5, 44, 45].

In addition, to accept the distribution, the r2 value for the

log-abundance versus log-size regression must be greater

than the critical value at the 0.05 significance level, as

provided by [8].

3 Results and discussion

3.1 Changes in lake number and area

A total of 1,924, 1,699, 32,843, and 1,617 lakes are iden-

tified and delineated in the 1970s, 1990, 2000, and 2010,

respectively. The numbers of lakes with an area of more

than 1 km2 in the four periods (1970s, 1990, 2000, and

2010) are 1,081, 1,070, 1,204, and 1,236, respectively. The

lake numbers identified in the seven separate area divisions

([1, 1–10, 10–50, 50–100, 100–500, 500–1,000, and

[1,000 km2), from this study and previous studies, are

summarized in Table 2. The number of lakes more than

1 km2 in area in the 1970s is similar to that found previ-

ously during the 1960–1980s [27]. However, the total lake

area found for that period [27] is much larger than this

study shows; this difference in lake area may be attributed

to the inclusion of playas such as the Qarhan Salt Lake

(4,704 km2) in the former study. The numbers of lakes

identified in the Landsat data from 2000 to 2010 in this

study, and from the SRTM DEM [18] are much greater

than during 2005–2006, as indicated by [26]. This could be

a result of the enhanced accuracy and resolution of the

multi-mission satellite data, or the different extents of

study area (the entire TP, as opposed to just Tibet Auton-

omous Region and Qinghai Province) in [26]. For com-

parison, a study mapping lakes from SRTM data in 2000

[18] has an areal extent that is the same as that in the

present study. Yet, the current analysis still identified more

lakes, amounting to 1,204 compared to the 1,123 lakes

using the SRTM data alone. This is, therefore, likely

attributed to the high spatial resolution of the data used.

Figure 2 shows the changes in lake shoreline and areas

of three of the largest lakes on the TP: Nam Co, Selin Co,

and Qinghai Lake. Nam Co and Selin Co show a contin-

uous expansion between the 1970s and 2010. In particular,

the area of Selin Co in 2010 is notably larger (2,349 km2)

than that of Nam Co (2,026 km2), which was previously

known as the largest lake in Tibet. Qinghai Lake shows an

Table 2 Number of lakes in each area division from previous studies, compared to the present study

Area

division

(km2)

[1,000 500–1,000 100–500 50–100 10–50 1–10 [1 Area

([1 km2)

\1

km2

Acquired

period

Data set Source

Lake

number

5 10 57 69 204 746 1,091 44,993 1960–1980s [27]

4 10 55 68 213 731 1,081 40,126 ± 1022 1970s Landsat MSS This

study

3 9 64 67 209 718 1,070 39,671 ± 394 1990 Landsat mosaic This

study

3 9 65 72 237 818 1,204 41,256 ± 214 31,639 2000 Landsat mosaic This

study

3 7 66 69 218 760 1,123 39,800 3,222 2000 SRTM DEM [18]

3 10 68 70 238 666 1,055 41,832 2005–2006 Topographic map,

CBERS, Landsat

[26]

5 9 82 73 255 812 1,236 47,366 ± 486 2010 Landsat ETM? This

study
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overall decrease in area between the 1970s and 2010,

despite showing a slight increase between 2000 and 2010.

It can be clearly seen that the reversal occurred in 2004,

from separately acquired annual lake level data [15].

The numbers of lakes and their area changes between

the 1970s and 2010, for lakes with areas greater than 1, 10,

50, and 100 km2, are shown in Fig. 3. For lakes greater

than 1 km2 in area, both number and total area decrease,

from 1,081 and 40,126 km2 in the 1970s to 1,070 and

39,671 km2 in 1990. During the last 20 years, however, the

lake number and area increase continuously, reaching

1,236 and 47,366 km2 in 2010, respectively. The number

of lakes with areas greater than 10, 50, and 100 km2 shows

a consistent increase between the 1970s and 2010, while

the total area decreases slightly between the 1970s and

1990, before increasing notably between 1990 and 2010.

The seasonal variations and inconsistency in the dates of

acquisition of the Landsat data could result in some

uncertainties, due to the limited availability of data.

However, seasonal fluctuations in lake area on the TP are

small, compared to lakes in the more humid South China

region [19, 22]. In addition, we calculate the total lake area

for each of the four different study periods, and compared

their area changes over time spans of at least 20 years,

between the 1970s (1990) and 2010. Thus, seasonal vari-

ations are likely to result in only small abnormalities in the

data.

3.2 Regional distribution

The spatial distribution of lake changes from the 1970s to

2010, and from 1990 to 2010 is also examined. The TP is

subdivided into 12 greater drainage basins, according to the

locations of large rivers, as well as geomorphic and geo-

logical units; the numbers and sizes of lakes in each basin

are recorded. Figure 4 shows that 71 new lakes appeared

from 1990 to 2010 (20 years), as compared to 99 new lakes

from 1970s to 2010 (40 years). This number is far greater

than the 30 new lakes previously reported between the

1960–1980s and 2005–2006 by [28]. The new lakes found

in this study are mainly located in the Inner TP (over 50), a

closed basin without outflow (Fig. 4).

Lakes showing an increase or decrease in area between

the 1970s and 2010 and between 1990 and 2010 are also

compared (Fig. 4). Lakes with area changes of less than

1.5 % are considered as unchanged [33]. In total, 925 of the

1,137 lakes (81 %) show expansion of their areas between

the 1970s and 2010, and 979 of the 1,165 lakes (84 %)

increase in area between 1990 and 2010. Those lakes with

an area increase are also mostly distributed in the Inner TP

(68 %) (Fig. 4). Among these, the greatest number of

lakes, i.e., 35 % between 1970s and 2010 and 27 %

between 1990 and 2010, show an area increase of 10 %–

50 %. The general increase in the area of lakes in the past

20 years, especially in the Inner TP, may be attributed to

increased inflow of water from melting glaciers [12, 30,

46–48] and precipitation [23, 24, 49]. At present, only Nam

Co has been quantitatively evaluated for its water balance

with accompanying gage measurement data [31, 50]. Thus,

it is still difficult to estimate the relative contributions of

glaciers and precipitation to the lake increase across the

entire TP, as a result of limited station observations.

Across all of the TP, 212 (19 %) and 186 (16 %) lakes

show an area decrease between the 1970s and 2010, and

between 1990 and 2010, respectively. These are mostly

distributed in the Inner TP and Brahmaputra basins, which

contain 44 % and 16 % of the shrinking lakes between the

1970s and 2010, and 30 % and 21 % between 1990 and

Fig. 2 An example showing the changes in lake shoreline and lake

area in the four different periods (1970s, 1990, 2000, and 2010) for

Nam Co, Selin Co, and Qinghai Lake
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2010, respectively. Around 50 % of the lakes show an areal

decrease of 1.5 %–10 %. Yamzhog Yumco in the Brah-

maputra basin is the largest lake showing an area decrease

between 1990 and 2010, and has shown the largest lake

level decline in recent years [16]. Potential reasons for such

a reduction in size are complex, and include negative dif-

ferences between precipitation and evaporation caused by a

warmer climate in the lake basins [32, 51]. In addition,

anthropogenic factors such as the Yamzhog Yumco Pump-

Storage Power Station may have also contributed to the

lake level drop in Yamzhog Yumco [16].

Table 3 shows that there are 32,843 lakes that under-

went changes in area, from 0.001 to 4,235 km2, as evi-

denced by circa 2000 ETM? data sets. Only 1,204 lakes

are individually larger than 1 km2 each, and thus small

lakes dominate in terms of lake number, with 96 % of all

lakes having an area less than 1 km2. However, large lakes

dominate in terms total lake surface area, and the 1,204

large lakes account for 96 % of the total lake area. This is

also shown in the inset of Fig. 5.

All of the lakes combined represent a total area of

(43,151.08 ± 411.49) km2, which represents 1.4 % of the

TP’s total surface area (3.08 9 106 km2). The mode, mean,

and median lake areas are 0.006, 1.31, and 0.021 km2,

respectively. The lake density for the entire area is

0.011 km-2. The lakes are mainly located in the Inner TP

(Table 3; Fig. 5), which itself contains 18,075 lakes (55.3 %

of the total lake number) and 777 lakes larger than 1 km2

(65 % of all lakes[1 km2). In this region, lake area accounts

for 4 % of the land area. Furthermore, the Inner TP has a lake

density of 0.026 km-2, which is the highest of all 12 basins.

The median lake size is less variable among the basins,

ranging from 0.01 km2 for the Ganges River basin to

0.065 km2 for the Indus River basin. Several great river

basins, such as those of the Yellow River and the Yangtze

River, also have a high number of lakes ([10 % of the

total, each), while the Amu Darya, Indus River, Salween,

and Brahmaputra River basins have a moderate number of

lakes (1.5 %–5 %). The Qaidam and Hexi Corridor River

basins have a small total lake area, yet their mean lake size

is the highest ([5 km2) and the lake density is among the

lowest (0.001 km2) of all the basins.

Lake boundaries and sizes are the basic datasets for

many applications. For example, Zhang et al. [16] exam-

ined the changes in water level of 74 lakes in the TP using

4–7 years ICESat data and lake boundaries delineated from

500-m snow cover products. Phan et al. [20] found 154

lakes with available ICESat data using a 250-m water

mask. A recent study showed that 200 lakes can be

examined for their changes in water level, using lake

boundaries derived from 90-m-SRTM DEM data sets [18].

The present study provides the largest possible lake

Fig. 3 Lake number and total area for lakes with areas greater than: a 1 km2, b 10 km2, c 50 km2, and d 100 km2 in the 1970s, 1990, 2000, and

2010, respectively
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numbers and coverage, which can be used for better

extraction of laser or radar footprints over a lake’s water

surface in future studies.

The latitudinal distribution of lakes is shown in Fig. 6.

This shows that most lakes are located between 30�N and

35�N, with the highest concentration of lakes found around

latitude 34�N. Globally, lakes are most concentrated

between 50�N and 70�N in glacial areas including Alaska,

Canada, and northern Russia [4]. Generally, the latitudinal

distribution of lake area is consistent with lake numbers.

However, the largest peak in lake area appears at 31�N,

mostly as a result of the occurrence of Nam Co and Selin

Co at this latitude. The largest lake, Qinghai Lake, is

mostly responsible for the secondary peak at around 36�N.

Fig. 4 Lake area changes between the 1970s and 2010 (left) and 1990 and 2010 (right) in 12 drainage basins of the TP, for newly appeared lakes

(top), lakes increase in size (middle), and lakes decrease in size (bottom). The number in this figure is the number of lakes in each basin. The

names of 12 basins are Amu Darya (I), Tarim (II), Indus (III), Inner TP (IV), Qaidam (V), Hexi Corridor (VI), Yellow (VII), Yangtze (VIII),

Mekong (IX), Salween (X), Brahmaputra (XI), and Ganges (XII), respectively

3016 Chin. Sci. Bull. (2014) 59(24):3010–3021
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The spatial distribution of lakes on the TP is the result of

both tectonic movement and interacting hydrological fac-

tors. In the interior TP, which is dominated by internal

drainage systems, basin filling could have played a major

role in smoothing out the tectonically generated structural

relief [52, 53]. Lake development on the TP may include

several phases, including drying, growing, closing, and

salting, which are associated with climate and environ-

mental changes, as well as crustal uplift. For example,

Chen et al. [54] have found that Zhari Namco has shrunk

over the last 8.2 ka, due to the weakening of the Asian

monsoon.

3.3 Lake size distribution

The abundance-size plots for lakes within each basin and

for the entire TP are examined, in order to test whether they

conform to a power-law distribution. Figure 7 shows that

the slope of the regression between log-abundance and log-

size in 10 of the 12 basins are within the theoretical con-

straints (-1 to -0.5). The exceptions to this are the Qai-

dam and Hexi Corridor basins, which have slope values

above the criteria. The r2 values are all high for the 10

matching basins, ranging from 0.87 to 0.98. However, all

are still lower than the critical value at the 0.05 confidence

level [8]. This suggests that the size distribution of lakes in

each basin of the TP deviates somewhat from a typical

power-law distribution.

The lake size distribution for all lakes together in the TP

(Fig. 8a) shows a slope of -0.60 and an r2 value of 0.98, which

is slightly lower than the expected value of 0.99 at the 0.05

confidence level, thus indicating conformance to a power-law

distribution. The lakes at the mean elevation (4,715 m),

however, conform more closely to the power-law distribution,

with a slope of -0.66 and an r2 of 0.97, larger than the required

0.90 at the 0.05 confidence level (Fig. 8b, c).

Lakes on the TP in high mountainous Asia tend to

deviate from power-law distributions, which is consistent

with previous theoretical work that has suggested that lakes

in mountainous regions do not follow a power-law distri-

bution [5]. Typically, however, small lakes are not often

recorded on maps, and thus their abundance and size dis-

tribution cannot be estimated using the assumption of a

power-law distribution, which could result in an overesti-

mation of lake numbers. Although some small lakes remain

unknown, the present study has shown that large lakes

dominate the total lake area. The high concentration of

lakes across the TP, and in particular the smaller lakes, can

be attributed to glacier feeding [30, 55–57]. Small lakes

react faster to changes in climate more rapidly than large

lakes, and would, therefore, be of significance to studies of

regional biogeochemical cycles.T
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4 Conclusions

The number of lakes across the TP and their respective

areas has been examined, using data from the 1970s, 1990,

2000, and 2010. The numbers of lakes and the sum of areas

greater than 1 km2 are 1,081 and (40,126 ± 1,022) km2 in

the 1970s, 1,070, and (39,671 ± 394) km2 in 1990, 1,204,

and (41,256 ± 214) km2 in 2000, and 1,236 and (47,366 ±

486) km2 in 2010. Total lake area shows slight decrease

between the 1970s and 1990, yet both number and area

show a continuous increase between 1990 and 2010 in the

four different size classes ([1, 10, 50, and 100 km2).

Between the 1970s and 2010, 99 new lakes are found, 71

of which appear between 1990 and 2010. This indicates the

accelerated glacier melt and/or increased difference of

precipitation minus evaporation since the 1990s. Of the

existing lakes, 80 % show an increase in their area, with

94 % increasing their size by[1.5 % during the two com-

parison periods. Those lakes with an area increase are mainly

distributed in the Inner TP (68 % of the total), and the largest

number of lakes experience an area increase of 10 %–50 %.

In contrast, lakes showing a decrease in their area are mostly

distributed in the Inner TP and Brahmaputra basins. Around

50 % of the lakes with an area decrease had shrunk by

1.5 %–10 % during the study period.

This study provides the first complete lake census for the

TP. Lakes ranging in area between 0.001 and 4,235 km2

are delineated using Landsat GeoCover mosaics circa 2000

with a spatial resolution of 14.25 m. A total of 32,843 lakes

have been delineated across the TP, with a total area of

Fig. 5 All lakes across the TP, derived from Landsat ETM? data circa 2000. Inset shows lake abundance and an area histogram. Basin names

(I–XII) are the same as in Fig. 4

Fig. 6 Latitudinal distribution of lake number (a) and lake area (b) across the TP. Lake number and area are aggregated in steps of 1� latitude
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(43,151.08 ± 411.49) km2 (making up 1.4 % of the total

area of the TP). Most of the lakes (96 %) are small, with an

area of less than 1 km2. We believe that small lakes

(\1 km2) should receive more academic attention, as little

has been discovered about their abundance and roles, prior

to the present study.

The regional distribution characteristics of lakes on the

TP are also examined. The Inner TP contains the largest

number of lakes (55.03 %), the greatest total lake area

((28,416.77 ± 255.69) km2, 66 %), and the largest lake

density (0.026/km2). The Yellow River and Yangtze River

basins also have a large number of lakes ([10 % of the total,

each). Lakes are mostly concentrated at a latitude of 34�N in

terms of number, and 31�N in terms of total area. The lake

database provided by this study has important implications

for future studies, and may be used in water balance esti-

mations, studies of lake level changes based on satellite

altimetry data, and assessment of biogeochemical cycling.

The lake abundance and size distributions are evaluated

for each basin and for the entire TP. Lakes at the mean

elevation (n = 53, mean elevation = 4,715 m) conform

closely to a power-law distribution with an r2 value of 0.97

and a slope of -0.66, which fall within the critical value

and the theoretical constraints for such a relationship.

Fig. 7 Plots of log-abundance versus log-size for lakes in each basin of the TP. Basin names (I–XII) are the same as in Fig. 4
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However, lakes located across all basins over the entire TP

do not follow such a power-law distribution. This is con-

sistent with the results obtained by [5] that the power-law

distribution assumption for mountain ranges may have

overestimated lake numbers and lake areas. However, the

slopes of all distribution plots are larger than -1, further

supporting the concept that larger lakes, rather than small

lakes, contribute more to the total lake surface area in a

region. In the present study, lake data has been truncated

with a lower area limit of 0.001 km2. Future lake inven-

tories may be updated using satellite data with higher

spatial resolutions, when available across the entire TP.
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